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PIE: a new name mi new roles 



DAI 

inhibitor. It was discovered as the 
enzyme responsible for the inhibition .^-i/...-.- a^ain »,->Tr;>-fta>n»^> 

bv double-stranded RNA (dsRNA) of 

translation in reticulocyte lysates. Here, fiu,;^^, r> Dmi 

dsRNA potently inhibits protein syn- OnflStOpner b. rTOUCl 

thesis by causing the phosphorylation 



anslation initiation factor elF-2 
by PKR, thus blocking its activity. This 
impairs the binding of the initiator 
id thus the 



The double-stranded RNA (dsRNA)-act(vated protein kinase, now called 
PKR, was first discovered by virtue of its ability to phosphorylate trans- 

..,...,...„...,.,._ „.' n factor elF-2 and inhibit its activity. Recent studies have 

rn.iiai.on pnase of translation. dsRNA shown that expression of inacUve mutants of PKR in enured cells causes 

affects gene expression at the levels of them to acquire characteristics typical of transformed cells. These and 

transcription and translation, and new other findings indicate that PKR plays a role in the normal control of cell 

findings relevant to both of these are growth and differentiation. It seems likely that, in addition to elF-2, PKR 

dlscuSed below. has other substrates including the protein I-kB, which regulates the tran- 

PKR acts by phosphorylatlng elF-2 on scription of certain genes. Indeed, it now seems likely that PKR mediates 

Ser51 of Its oi-subunit: phosphorylated the regulation of selected genes by dsRNA. 
elF-2 is a powerful competitive inhibitor 
of the protein factor elF-2B, required to 

recycle elF-2 between consecutive PKR has an unusual activation profile molecules must he able to interact with 

rounds ol Initiation. e!F-2B mediates cDNAs encoding human PKR were both RMA-binding sites In a coordinated 

the guanine nucleotide exchange step first cloned in 1990 (Ref. 3) and found to fashion in order to achieve activation, 

required to regenerate active efF-2-GTP encode a 551-resldue protein of pre- Short RNAs can either bind to only one 

from the inactive elF-2-GDP that is pro- dieted molecular mass 62 kDa. This is site or, if slightly longer, can bino to 

duced after each round of initiation. somewhat lower th 

What is the physiological role of PKR (68 kDa) in polyaci , _ 

and what Is the significance of its acti- crepancy that probably arises from the l _ 

vatlon by dsRNA? PKR is normally characteristic clusters o! charged mal acbvity. On the basis of what we 

present only at low levels in most cell residues m PKR. PKR contains all the know about the regulation . of other pro- 

tvoes but can be induced by treatment sequence motils conserved in other tern kinases. It is l.kely that, for acti- 

S interferon (TFN) ThLe obser- protein kinases' .t shows closer horn- vatlon to occur, PKR must adopt . .con- 

vations pointed to a role for PKR in the ology to the other two known formation m wh.ch a pseudosubstrate 

antiviral actions of lFNs. although this elF-2 kinases (the mammalian haem- sequence Is removed Irom its active 

through work controlled kinase HR1 and the Sac- site. 

- ' immyces ceremsiae kinase GCN2) Several groups have investigated the 



adenovirus-encoded RNAs 1 . The repli- than to protein kinases in general, RNA-blndlng sites in PKR in order to 
cation of many viruses involves the pro- although HPJ and GCN2 possess a large cast light on this 



n years ago o 
is-encoded RT" 

w of many viruses inwivt-^ Luc p. u- l nunju S ,.i„ uu ,i lIU v,- r ^. s - .... . 

duction of dsRNAs, which would actl- (100-resldue) Insert in subdomaln V work localized the RNA* 

vate PKR, thereby Inhibiting translation (Ref. 4; Fig. 1). PKR has two potential to the amino terminus of PKR (see, lor 

and consequently viral replication dsRNA-binding domains, and acti- example. Re s 7 8). which contains two 

(le PKR l« operating a« an 'antiviral vadon of PKR is accompanied by its auto- potential RNAAinding doma.ns termed 

agent-). It Is therefore essential that phosphorylation*. R, and R,, (Fig. 1) that ^are homologous 

vfrusei also have the means to down- An Intriguing feature of PKR is the to those in other ^-binding l ? o- 

reeulate PKR, and recent work has effect of the concentration of dsRNA on te.ns, such as ribonuciease in ana rne 

Sn tlut many viruses have indeed its activity: although low dsRMA con- vaccinia virus protein £^ 

• ite the enryme. higher Each domain is about 67 amino acids in 



activation of PKR (Table I). Evidence cuiiv<»...<...vu» * — - - .„„, .„,, B ., h m . 

is also growing thai PKR plays a role bell-shaped activation curve (reviewed at its carboxy-terminal end. Both pos- 

in modulating cell proliferation and in Ref. 4). Two main models 1 * " " ' 

growth, stemming largely from work viously been proposed to ei 



or thfe enzyme. The observation that e, aL* suggest that the length of a variety of ^<™™""i^£ 

about 20% of cellular PKR is found In dsRNA molecule allects Its ability to integrity of R, is « sen Jf ^-J »bmd 

STWSffSCSS SSJKKtu'SS: S»S-££S2 

activation was achieved with 80 bp. dsRNA binding, showing that this 

C. 0. Proud is at the Department^ of Together with the knowledge that PKR residue Is critical for function and that 

contains two potential RNA-blnding R. alone does not suffice^ for ef- 



Unive^ofBristoi.tlniversit.Waik.Br.stol, contains two = J^™^, Furtnermore , 




domain). See text tor details. 



although R, can be replaced by R,. the 
converse construct containing two 
copies ol R, binds dsRNA only weakly". 
Elucidation ol the precise roles oi the 



oi PKR activity, and thus of the 

basis ot the blphasic activation of PKR 
by dsRNA, awaits the purilication of 
functionally active forms ol appropriate 
recombinant mutants of PKR. However, 
recent work has already yielded unex- 
pected results: neither ol the dsRNA.- 
blndlng domains ol PKR seems to be 
required for activation of PKR when 
expressed In African green monkey kid- 
ney (BSG40) cells". This may be 
because the endogenous PKR can 
phosphorylate and activate the mutant 
protein or may, more Intrlgulngly, 
reflect the existence of separate acti- 
vators of PKR that Interact with other 
regions of the protein. Use has also 
been made of two Inactive mutants ol 
PKR (see below) In which either the 
conserved lysine in subdomain I! of the 
kinase catalytic domain was mutated 



that all the Inactive mutants of PKR so 

catalytic or dsRNA-bindlng domains) 
can be expressed In heterologous sys- 
tems at much higher levels than can the 
wild-type protein, suggesting an auto- 
regulatory mechanism controlling PKR 
synthesis and operating at the trans- 
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product called pKy This poly- 
peptide is homologous (28% 
identity) to the amlno-ter- 
minal region of eiF-2, which In- 

this substrate of PKR closely 
enough to block its active 
site. This idea is supported 
by the finding that pKj blocks 
both the phosphorylation 
of eIF-2 by activated PKR 
and the autophosphorylation 
of PKR itself 30 . In the case of 
influenza virus, the activity 
of an Inhibitor of PKR is again 
increased after Infection of 
the cells, but this Inhibitor 
hilar origin (see also below), 
lata suggest that it is associated 
llular 'anti-inhibitor - before viral 
, from which it subsequently 



PKR is activated following Infection 
of animal cells by a variety of viruses 1 . 
However, a number of animal viruses 
have evolved mechanisms to prevent 
the activation or block the activity of 
PKR, thus enabling them to evade the 
antiviral effects of PKR and thus of IFN 
(Table I). This has recently been 
reviewed" and will not be dealt with in 
detail here. Briefly, these Inhibitors can 
work In one of three ways. First, they 
may act by binding dsRNA [as In the 
case of the reovirus p3 protein (Ref. 18) 
and the product of the vaccinia early 
gene E3L (previously termed SKff, 
• factor")]." " 



activation- of PKR Is to produce high 
levels of small dsRNA molecules, which 
can bind PKR but, because of their 
short Iengih and structure, do not in- 
duce activation. Examples of this are 
the virus-associated (VA) RNAs of adeno- 
virus (reviewed in Ref. 23). Pollovirus 
appears to have a different strategy: 
following Infection, PKR is degraded, 
apparently by a cellular proteinase". 





: the point mutations did not". 
' ly, expression of PKR in 
a. cereuisiae leads to impaired growth 
rates 25 , probably owing to phosphoryl- 
ation of yeast efF-2 (which Is a sub- 
strate for PKR* 6 ), leading to reduced 
rates of translation. This idea is 
strongly supported by the observation 
that the effect Is reversed by expression 
of a form of S. cerevisiae eIF-2 in which 
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tionally for GCN2. GCN2 is 
kinase !hat, like PKR, p 
elF-2 specifically at SerST 
sible for inducing translation of the 
transcription (actor GCN4 as a con- 
sequence of the phosphorylation of 
elF-2 in response to amino acid deprl- 
vadon 23 . These findings also suggest 
that 5. cerevisiae contains endogenous 
activators of PKR, and it is notable that 



le holoprotein, perhaps by sequester- 
ing these endogenous activators (see 
below). The catalytically inactive form 
of PKR also overcomes dsRNA-induccd 
translations! Inhibition In the reticulo- 
cyte lysate translation system 28 . This 

eIT-2 from phosphorylation by binding 

inhibited In the absence of haem - con- 



Hevy does the mutant torn o« the kinase act 



tjpeensyme? 

There are at least two possible expla- 
nations for this (Fig. 2): first, dimeriz- 



ype enzyme to create 
inactive heterodimers and, second, 
sequestration of activating agents (such 
as dsRNA) by the inactive enzyme. 
Langland and Jacobs 2 ' have shown that 
wild-type PKR is a diraer, and that 
dimerization correlates with increased 
phosphorylation of the protein. Thus, 
autophosphorylation may be an inter- 
molecular process. Evidence for this 
is provided by the observation that 
neither of the dsRNA-binding domains 
is required for activation of PKR when 
' "inkey 'ddney cells, 



phosphorylated and activated by the 
endogenous wild-type PKR'- 3 . Alleles of 
PKR in which either the first or the 
second RNA-binding motif has been 
deleted complement one another 
" functionally when expressed in Sac- 
chawmyces cerevisiae, strongly imply- 
ing that PKR is a dimer 10 . In the case of 
the inactive mutants, in which the 
catalytic region, but not the RNA-blndlng 
site, is modified, the excess of mutant 
over wild-type PKR would generally 




PKR might phosphorylate the mutant, 
the latter could not be activated. The 
studies of expression of mutants of PKR 
in 5. cerevisiae lend support to the Idea 
that the dominant-negat ' 



domain Interfered with the activity ol 
the co-expressed wild-type PKR. 
The second idea is that the mutant, 
PKR, with Its dsRMA-bindlng 



PKR. Data showing t 
of the RNA-binding domain ol PKR in 
5. cerevisiae interferes with the activity 
of the co-expressed wild-type PKR 25 , are 



system) could be ov 

adding more dsRNA 28 , and ex- 
pression of the mutant kinase failed 
to repress eIF-2 phosphorylation 




le second explanation 

further question: what 

cells that are ' 



infected by viruses? 



form results in a phenotype. this 
Implies that endogenous PKR is nor- 
mally at least partially active and thus 
that cells contain endogenous acti- 
vators of the enzyme. However, no 
candidates (such as cellular RNAs with 
significant double-stranded structure) 
have been put forward so far. 

The findings concerning the potential 
tumour-suppressing role o! PKR clearly 



ol PKR are important In this tumour- 
suooressor function. Surprisingly, the 
t of expressing the PKR mutant 



elF-2 phos- 
phorylation, if this were the case, ©ver- 
sion of a nonphosphorylatable 
of elF-2 (such as eIF-2(Ser5tAla)J 
would also he predicted to be tumorl- 
genic. Although several workers have 
expressed the eff-2(Ser51A)a) mutant in 



characteristics indicative of transforma- 
tion. However, the precedent for trans- 
lation factors (or their mutants) as 
potential oncoproteins has been set 
overexpresslon of the mRNA-bindlng 
translation factor effME is lumorigenic 
(reviewed in Ret. 31), possibly because 
it allows Increased expression oi certain 
mRNAs, such as those encoding growth 
factors and oncoproteins, leading to 
celt transformation. 



by PKR 

NF-kB is a multlsubunlt transcription 
factor that is implicated in the dsRNA- 
" ■ 1 control of the pJFN pro- 
"-• NF-kB 



interacts with its cognate DNA regu- 
latory sequence, thereby activating tran- 
scription of selected genes. PKR can 
phosphorylate 1-xB 33 and there is evi- 
dence that phosphorylation of I-kB by 
PKR leads to activation of the binding 
of NF-kB to DNA 33 . PKR expressed as a 



the NF-kB complex, 
it Induced DNA-binding ability that 
(within the range of assays performed) 
was specific for the DNA sequence rec- 
ognized by this transcription factor. 
The induced DNA-Wnding ability was 
suppressed by addition of unphos- 
phorylated I-kB, indicating that it was 
due to dissociation ol the phosphoryl- 
ated form of the protein. Treatment of 
macrophages with dsRNA results in 
Increased phosphorylation of a pro- 
tein specifically immunoprecipttated by 
antibodies against I-kB, providing evi- 
dence that the process does occur in 



ated with 1-kB, a protein that inhibits 
the activity of the NF-kB complex. 
Upon - ■ ■ ■ 



Is this band ar 
ll I-kB, anc 

In dsRNA-treated cells? Finally, the acti 
vation by dsRNA o! NF-KB-rnediated 
transcription (from a reporter con- 
struct) is blocked In cells expressing a 
catalytically Inactive form of PKR 33 ; 

control was performed to 

verify th 




cells, but not in cells subjected to con- 
ts that do not affect PKR 
ty of dsRNA to 
ilished, again strongly 
ng activation by dsRNA and indicating a key role for PKR in acti- 
" n of this transcription factor. In 
' ntrol, it was shown 
.f NF-kB by another 
> (tumour necrosis factor-o) 



<HF-2 and IkB, which are involved 
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Roles forPHR In ncmtal cell grawifi ami cells stimulation of translation and oi Similar reductions in e!P-2 phcsphoryl- 

dlffereatlatlon elF-2B activity occurs without dephos- ation. faster growth rates and growth at 

There are now several reports indi- phorylation o( elF-2, presumably by higher cell densities were also seen when 

eating a rote for PKR in the control of direct regulation of e!F-2B, so the mech- inactive mutants of PKR were axpressed 

cell growth and/or differentiation. The anism is by no means universal among in 3T3 cells (R. Jagus, pers. commun.). 

emerging picture points to activation of mammalian cells 10 . 

PKR regulating gene-specific transcrip- Earlier work suggested a role for PKR A role for PXR in the control of tatslaifcn 

tion and being associated with cell dif- in the differentiation ol 3T3-F442A SjyCa 2 * 

i lifer (li. 1 ,i r i r i I r nl v ir 

Over the years, a general picture of ditions these cells can be Induced to that perturbing cellular Ca J - Oy a var- 

increased phosphorylation of eIF-2 differentiate into adipocytes after reach- iety of means, especially those involving 

belne associated with reduced rates ing confluence. PKR ts expressed in these effects on endoplasmic-reticular Ca z -) 

of cell proliferation has emerged cells, and its activity Increases in con- results in inhibition of translation m- 

(revlewed in Ref. 35). Several platelet- ditions under which differentiation itiation. and it was shown recently that 

derived growth factor (PDGF)- or 1FN- occurs, suggesting that high levels of this involves increased phosphoryJ- 

induced genes (such as Q-fos,c-myc and PKR may be prejudicial to differen- atlon of elF-2 (Refs 43. 44). There is now 

J£) can also be induced by treatment of tiation. These workers also detected a evidence that PKR becomes activated, 

cells with dsRNA», suggesting that PKR PKR inhibitor, which was present at independently of dsRNA. under such 

might also play a role in this gene- higher levels in proliferating cells than conditions, and that this enzyme may 

specific transcription. PDGF- or IFN- in differentiating ceils. Subsequently, therefore he responsible for the 

-d signalling 3 ' can be blocked by purification revealed it to be a protein increased phosphorylation of eIF-2 

' ras, which induces an of approximately 15 kDa. and thus (C. Prostko, pers. commun.; see Fig. 3). 

of PKR« (see Fig. 3). Ex- apparently distinct from the virus- 

„„ of ras did not alter basal associated inhibitors of PKR listed In Concluding tenants 

of PKR itself, but rather caused Table I (Ref. 41). This protein does not It is becoming increasingly clear that 

heat-sensitive have phosphatase or protease activity. PKR has roles beyond the control of 

_ . .Jt in irons On Rather, it inhibits PKR by preventing Its translation in virus-infected cells, and 

extracts from non-Ras-transformed cells) interaction with dsRNA (at least for the further exciting *— ' — "•">' « 

and appeared neither to be a nucleic model RNA tested, the TAR RNA from expected in the nt 

acid nor to bind dsRNA- Its molecular the mms-actlvating region oi the human areas to watch an 

mass is estimated at 100 kDa (Ref. 38) immunodeficiency virus) 29 . what is the role o 

and it may be related to the similarly Taken together, these findings of gene expressu 

sized Inhibitor reported by Itoe/ai. 33 suggest that PKR may play a centra) 

Experiments to determine the role of role in the regulation of cellular diller- 

PKR in growth control of an interleulcin-3 entlation (or, conversely, proliferation) = 

(IL-3Mependent murine cell line have at least under certain conditions (Fig- 3). ation, and especially, which cellular sub- 

revested tot when these cells are A further element in the cellular strates for PKR are involved in this type 

deprived of i-3, their rate of protein regulation of PKR is the 58 kDa PKR of control? Does elF-2 play a ro e here? 

SeS decreases and, concomlt- Inhibitor first detected in influenza- Given the recent work showng the 

antty the levels of phosphorylation of viru- infc cted cells' cDNAs encoding tumorigenlc effects of expressing n> 

both PKR and Its substrate, clF-2, this protein (termed p58) have now active mutants of PKK, a careiui re- 

mcrease'this is presumably the cause been cloned and sequenced, revealing it examination of the effects of expressing 

of *e S.aUoTr?nn^tJon)^. In to be a member of the tetra.ricopep.lde the nonphosphorylatable *W 

these cells, the phosphorated form of repeat family oi proteins (i.e. it has 34- is es sential. Third he ^«^atanof 

PKR seems, as might be expected from residue repeats In Its sequence) and to cellular inhibitors of PKR (p58 and p97 

the data discussed abovTto be the be apparently expressed and conserved f* h ^«^W^ 

active one. How does IL3 decrease the in cells from several mammalian species in the cellular controlo PKR activity, as 

o^^x^ ^ r ^^rr^?:£ «r te a-;-5 

EH*. 9Tk>a phospho- e^|^.^"- XZS!S££.*Z £Xn £ 



LTed by anti-PKR antibodies The and the phosphorylation of elF-2 by P 97 is P h ° s P h ^ la 't^TX 

phosphorylation of the 97 kDa protein PKR but not by HR1 22 . Large parts of its vides a potenba connection to other 

occurs on y tyroslne, is a rapid sequel to structure - but not the part correspond- cell signalling ifW^W 

"^treatment (preceding PKR dephos- ing to elF-2 - are dispensable for these incorporation of PKR into the signal 

Dhorvlation) and is blocked by the gen- iunctions. Overexpression of p58 in NIH transduction pathways mat are 

eTrtyTini kinase inhibitor genistein 3T3 cells leads to faster growth, ability rently such an active area of study, 

(see' Fig. 3). In some cell types, serum to attain higher cell densities and ability 

stimulation results in dephosphoryl- to form tumours after injection into Re fe rem :es 

ation of efF-2 (concomitantly with nude mice". All of this reinforces earlier l Mathews, M. B. and Shenk, T. [1991) J- Virol. 

increased translation initiation) and the data Indicating a tumour-suppressor ^ b e , 3l . ap . Ce ,i. a*. |in press) 

above observations relating to inhi- role for PKR. In the p58 experiments, 3 Meurs L d , q - u 

biUon of PKR could provide a mech- the activity of PKR and phosphoryl- 4S»ueU ^e. (1993) J. bw en™. 268, 

anism for this effect. However, in other ation of eIF-2 were shown to be reduced. 7.o03-7606 



